junction remodeling is supposed to contribute to the abnormal conduction properties and arrhythmias in the ventricle under these pathological conditions. 4, 5 Changes in gap junction expression and distribution in diseased atrial tissue are less well documented, and there exists considerable controversies among investigators as to the characteristic features of gap junction remodeling in association with AF. 5 In the present study, we investigated gap junction remodeling in atrial tissues from patients with chronic AF and appreciable left AD secondary to valvular heart diseases. The distribution and the expression of Cx43 and Cx40 proteins were analyzed with the aid of antibody labeling and confocal laser scanning microscopy.
Methods

Patients and Tissue Sampling
Profiles of the patients and specimens are summarized in Table 1 . Atrial appendages were obtained from 11 patients with chronic AF (lasting >3 months) and from 15 in normal sinus rhythm (SR) at the time of surgery. All the AF patients had left AD (AF +AD); the left atrial diameter (LAD) measured by echocardiography was >45 mm. Four among 15 SR patients also had AD (SR +AD). Eleven SR patients having normal atrial size (LAD <40 mm) were used as controls. There were no significant differences between the 3 groups in terms of age and left ventricular ejection fraction. Most of the patients with AD had mitral valve disease (stenosis and/or regurgitation), and those without AD had ischemic heart disease (old myocardial infarction or angina pectoris) ( Table 1) . Pulmonary capillary wedge pressure of AD patients ranged from 6 to 22 mmHg (18.6±7.5 mmHg, n=9). There was no documented past history of rheumatic fever in either AF or SR patients. Drugs used for the treatment of patients are also listed in Table 1 . Sodium channel blockers were not used except for 1 patient with AF +AD (Table 1) .
The tissue samples (10-18 mm in long axis, 6-12 mm in short axis) obtained either from the right or left atrial (LA) appendage were immediately frozen to prepare cryosections of 4-5 m thickness, and then fixed with 2% paraformaldehyde in phosphate buffer saline for subsequent immunohistochemistry. Two to 4 immunolabeled sections from each sample were analyzed. The Institutional Ethics Committee approved the present study, and all patients gave written consent by signing a specifically designed consent form.
Immunohistochemistry
For immunodetection of gap junctions, a mouse monoclonal anti-Cx43 antibody (Chemicon) and polyclonal rabbit anti-Cx40 antibody (S15C/R83 provided by Professor Severs (London, UK) were used. 7 After permeabilization (0.3% TritonX-100), quenching (0.1 mol/L lysine) and blocking (3% goat serum/5% bovine serum albumin), samples were incubated with the antibody for 2 h at room temperature. Some sections were double-labeled with a mixture of anti-Cx43 and anti-Cx40 antibodies or with a mixture of anti-Cx43 and polyclonal anti-pan cadherin antibodies. Primary antibody-bound Cx43, Cx40 and cadherin were visualized by using fluorescent isothiocyanate-conjugated anti-mouse immunoglobulin (Ig)G and Texas Redconjugated anti-rabbit IgG. Samples processed without primary antibodies served as negative controls. The labeled samples were examined by using a confocal microscope (Bio-Rad MRC 1024). Atrial cell size (width and length) was measured in single optical slices sectioned along the fiber orientation. Ten cells were measured in each sample and then averaged. In addition to single plane evaluation, optical section series were taken (0.5-m interval). The area of the main intercalated disk (disk area) and the area of immunolabeled Cx43 and Cx40 gap junction at the intercalated disk (gap junction area) was estimated in projection images of the disk by using NIH images as described previously. 8 The smaller disks located in the middle segments of the cells were not analyzed.
Western Blotting
The amount of Cx43 and Cx40 was evaluated by Western blotting the atrial tissue homogenates. 9 The intensity of bands was quantified by using densitometry and normalized to actin.
Statistical Analysis
Data are expressed as mean ± SD. The difference between groups was analyzed by using ANOVA and non-parametric procedures wherever appropriate. Details of the procedure used is stated in each figure legend. All effects and interactions are tested at the 0.05 level of significance. Fig 1 shows the immunolabeled Cx43 gap junctions in single confocal optical slices sectioned along the fiber orientation. In right atrial (RA) and LA tissues from control (SR) patients (Fig 1A) , Cx43-containing gap junctions were visualized as aggregates of bright punctate fluorescent domains not only at the cell termini, marking the position of intercalated disks (arrow), but also at the lateral abutment with neighboring cells (arrowheads). The Cx43-labeling pattern in the LA and RA tissues from AF +AD patients (Figs 1B,C) was essentially similar to controls. The fluorescence domains labeled for Cx43 distributed homogeneously in all sections from respective patients. The cell width in LA tissues of the AF +AD group (17.4±4.4 m) was significantly greater than that in RA tissues from the same group (11.5±1.0 m), and that in RA and LA tissues from the SR group (10.8±0.8 m; n=48, p<0.05, ANOVA). There was no significant difference in cell length between these groups. Sections from SR +AD patients showed Cx43 immunofluorescence images analogous to those from AF +AD patients with greater cell width in LA than RA. Fig 2 shows Cx43 immunolabeling at the intercalated disk area seen en-face in atrial tissues sectioned across the fiber orientation. Images were taken at 0.5-m intervals to cover the full thickness of the intercalated disk at the cell termini, and the entire series was projected as a single com- posite image. Ten intercalated disks randomly selected from each sample were analyzed. In the SR group (9 RA and 3 LA samples), all disks (90 RA and 30 LA) showed a normal Cx43-labeling pattern with small central gap junctions surrounded by larger labeling spots at the disk periphery (Fig 2A) . In most LA tissues from AF +AD patients, the peripheral gap junctions were preserved, but there was a striking loss of the central small gap junctions, giving rise to a more empty appearance of the disk (Fig 2B) . A substantial increase of the disk size was also recognized. This type of Cx43 gap junction disorganization was recognized in all 80 disks of 8 out of 10 LA samples from the AF +AD group; a similar but less remarkable disorganization was observed in the remaining 2 samples. By contrast, in 10 out of 11 RA tissue samples from the AF group, all disks (100%) showed a normal Cx43-labeling pattern ( Fig 2C) ; in the remaining 1, 7 out of 10 disks had a relatively large disk area with a substantial decrease in the central small gap junctions. LA tissues from the SR +AD group showed a similar gap junction disorganization as observed in the AF +AD group (Fig 2D) , whereas RA tissues from the SR + AD group had a normal Cx43-labeling pattern (data not shown).
Results
Distribution of Immunolabeled Gap Junctions
The disk area and gap junction area in the intercalated disk seen en-face was estimated by using a protocol reported previously. 9 Averaged values of 10 disks were obtained in each sample, and then means ± SD were calculated for 12 samples (9 RA and 3 LA) from the SR group (control), 11 RA and 10 LA samples from the AF +AD group, and 2 RA and 3 LA samples from the SR +AD group. In RA tissues, there were no significant differences among the 3 patient groups in the disk area and the gap junction area (Figs 3A,C) . In LA tissues, the disk area in AF +AD and that in SR +AD patients was significantly greater than that of controls (80% and 82%, respectively; Fig 3B) . The Cx43 gap junction area in the LA tissue of AF +AD patients (18.1±3.2 m 2 ) and that in SR +AD patients (19.1±4.8 m 2 ) was slightly but significantly larger than that of the controls (15.6±2.0 m 2 ) (Fig 3D) . There was no significant difference in these parameters between AF +AD and SR +AD patients. In control patients, there was no significant differences between RA and LA tissues in the disk area and in the gap junction area. In both AF +AD and SR +AD patients, the LA tissues showed a significantly larger disk area and a significantly larger gap junction area than RA tissues.
In RA tissues from SR patients, and in RA and LA tissues from AF +AD patients, sections were double labeled for Cx43 and Cx40 (4 samples in each group). Unlike labeling for Cx43, the distribution of Cx40 was heterogeneous in all samples, with regions of myocardium (up to a few millimeters in size) displaying little staining adjacent to other areas that were intensely labeled ( Figs 4A,B) . The heterogeneity was assessed by visual inspection of 4 sections per patient, and no detectable difference was apparent among the sample groups. Figs 4C-E show representative images of the intercalated disk in the LA tissue from an AF +AD patient. Cx40 (red) was distributed as extensive larger spots at the disk periphery with minimal small central spots (Fig 4C) . This labeling pattern was quite similar to that of Cx43 (green; Fig 4D) , but they are not completely identical because some isolated green or red spots were Fig 3 . Disk area and connexin43 gap junction area of the intercalated disk measured from the projection images viewed face-on. Averaged values of 10 disks were obtained in each sample, and then the means ± SD of the values were calculated for 12 samples (9 right atrial (RA) and 3 left atrial (LA)) from the sinus rhythm (SR) group as controls, for 2 RA and 3 LA samples from the SR and left atrial dilatation (SR +AD) group, and for 11 RA and 10 LA samples from the atrial fibrillation (AF) +AD group. Significant differences between groups and between RA and LA tissues in the same group were estimated by using one way factorial ANOVA and a post-hoc test (Scheffe's method). *Significantly different from SR (control) at p<0.05. recognized in the double-staining image (Fig 4E) .
The disk area and Cx40 gap junction area at the intercalated disk seen en-face was estimated in each sample by averaging the values of 10 disks selected from the intensely labeled area. The gap junction area in LA tissues from AF + AD patients (18.2±3.4 m 2 , n=4) was significantly larger than those in RA tissues from the same patients (14.6± 3.5 m 2 , n=4) and from SR patients (13.6±2.7 m 2 , n=4).
Distribution of Immunolabeled Fasciae Adherentes
Fig 5 shows projection images of the intercalated disks double-labeled for Cx43 (green) and cadherin (red) viewed en-face. The disk center was characterized by a mosaic pattern of red and green in control RA tissues (Figs 5A-C), whereas it was colored almost uniformly with red in LA tissues from AF +AD patients ( Figs 5D-F) . This suggests that the mechanical coupling structure (fasciae adherentes) was well preserved at the intercalated disk of enlarged LA in AF +AD patients despite a substantial loss of central gap junctions for electrical coupling. 
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Immunoblot Analysis Western blotting for Cx43 was carried out in 3 RA tissues from the control group and 4 RA tissues and 4 LA tissues from the AF +AD group. The Cx43 antibody recognized 3 bands migrating between 40 and 43 kDa (phosphorylated and non-phosphorylated states; Fig 6A) . Densitometric quantification revealed no significant differences in the amount among the 3 groups (Fig 6B) . Western blotting for Cx40 was performed in 12 RA and 2 LA from the control group and in 7 RA and 7 LA from the AF +AD patients (Figs 6C,D) . In both the control and AF +AD groups, the amount of Cx40 protein was larger in RA tissues than in LA tissues. However, there was no significant difference in the Cx40 expression between the control and AF +AD groups in either RA or LA tissues.
Discussion
In the present study, we investigated the disorganization of gap junctions in the atrial muscle of patients with chronic AF and LA dilatation. The results revealed a striking loss of central small Cx43-and Cx40-gap junctions at the intercalated disk of AF patients. The reduction of Cx43 gap junctions within the intercalated disk was remarkable in the LA and occurred concomitantly with an enlargement of disk area, while the changes of both Cx43 distribution and disk area were negligible in the RA (Fig 3) . Analogous changes in Cx43 and disk area were observed in the LA in patients with SR +AD. In addition, the gap junction disorganization in LA tissues is similar to that in animal models of pressure overload-induced ventricular hypertrophy. In rats with right ventricular hypertrophy secondary to pulmonary hypertension and those with left ventricular hypertrophy produced by banding of aorta, we reported a loss of small gap junctions at the intercalated disk center. 9, 10 Although the number of samples is still small, especially in the group of SR +AD, the results taken all together strongly suggest that the gap junction remodeling was brought about by AD independently of the present rhythm (SR vs AF) and of the frequency of local electrical excitation.
A variety of derangement of gap junction expression and organization have been reported by previous investigators. In dog experiments, the Cx43 protein has been found to be increased after prolonged pacing, 11 whereas in a similar goat model of AF, the amount of Cx43 mRNA and protein remained unchanged. 12, 13 In the RA preparations from human patients with chronic AF, Cx43 mRNA and/or protein was shown to be unchanged by studies conducted by Polontchouck et al 14 and by Nao et al. 15 The present data are consistent with their reports. In contrast, the study conduced by Kostin et al found that there was a significant reduction of Cx43 protein and concomitant lateralization in the RA preparations from human AF patients. Controversies are also recognized in alterations of Cx40 gap junctions. The study conducted by Polontchouk et al 14 found a significant increase in Cx40 protein expression in RA preparations from human chronic AF patients, whereas the study by Nao et al 15 found a significant decrease in Cx40 mRNA/protein amounts. The study by Kostin et al showed significant reduction of Cx40 protein in the RA appendage whereas it had a tendency to be increased in the RA free wall. 16 In the present study, there was no significant difference in the Cx40 protein amounts in the atrial tissue samples from SR and AF patients.
The discrepancy among the reports may be explained in part by the spatial heterogeneity of Cx40 in the atria. In the present study on human atrial tissue, the labeling intensity of Cx40 was inhomogeneous with regions of myocardium showing little staining adjacent to other areas that were labeled intensely. In a pacing-induced persistent AF model of goat, van der Velden et al demonstrated that with an increased duration of pacing (1-16 weeks) , the Cx40 protein become more heterogeneously distributed. 12, 13 Kostin et al showed that there was a statistically larger area of Cx40 expression in RA tissues from AF patients than from patients in the SR group. 16 The heterogeneity of Cx40 was not documented by Polontchouk et al. 14 In the present study, there was no detectable difference in the heterogeneity of Cx40 expression by visual inspection between chronic AF and control patients. Dupont et al showed that the heterogeneity of Cx40 distribution in human RA tissues was independent of the patient's susceptibility to postoperative AF. 17 More extensive experimental and clinical studies will be required to make the point clearer.
Other possible reasons causing these controversies are different pathological backgrounds of AF. Most of the human atrial tissue samples were from aged patients with chronic AF, whereas experimental studies were carried out in relatively young animal models with much shorter AF duration. Considerable species differences in molecular and neurohumoral mechanisms for functional and morphological atrial remodeling in association with AF should be taken into account. It should be also be beared in mind that patients with AF are not a uniform population. In the study by Polontchouk et al, 14 for example, a majority of AF patients had coronary artery disease, whereas those patients in the studies by Nao et al 15 and those in the present study had mitral valve disease. Although, there was no documented past history of rheumatic fever in the present study AD patients, possible influence of myocardial inflammation on the gap junction remodeling 6 cannot be completely ruled out.
A number of studies involving both human and experimental animals have documented changes in the cellular electrophysiology in AF. Those include a shortening of action potential duration (APD), a shortening of refractory period (RP), a loss of rate adaptation of APD and RP, and an increased dispersion of APD and RP in the atria. [18] [19] [20] [21] This electrical remodeling, which is probably the result of altered gene expression of ion channels, 22 might be responsible for the well-known fact that cardioversion has a much higher success rate when AF is of recent onset. The changes in APD and RP reach a steady state within a few days following induction of AF, whereas it often takes a few additional weeks for AF to become persistent. Accordingly, other factors might also play an important role in the development of chronic AF. Recent experimental examinations suggest that changes of expression and distribution of gap junctions could be involved. 23, 24 It is difficult to predict the consequences of the present study findings for conduction velocity. In the present study findings, the total gap junction area per disk was slightly increased in enlarged LA. This would best be compatible with an increasing propagation velocity, provided that the overall coupling properties of the disk correspond to the sum of individual conductance of the gap junctions. Similarly, the accompanying increase in cell volume would be expected to further increase with conduction velocity. In reality, however, the functional consequences might be more complex because of the well-documented remodeling of ion channels, including the downregulation of fast Na channel, and co-operative interaction between individual connexons in gap junctions. 24, 25 In linearly structured myocardium, a slowing of conduction would increase the likelihood for the occurrence of arrhythmias via a shortening of the wavelength of excitation. 26 However, a partial decrease of cell-to-cell coupling has been shown to render conduction more homogeneous and to reverse unidirectional block to bi-directional conduction in tissue characterized by a markedly discontinuous architecture. 27, 28 Therefore, the contribution of altered cellto-cell coupling to arrhythmogenesis has to be judged by using an integrated concept that takes all remodeled variables into account, such as tissue architecture, ion channels, and cell size in addition to gap junctions.
Conclusion
The present study has shown altered gap junction distribution in chronic AF patients resulting from AD but apparently not from AF itself. Although AF appears to develop independently of the described changes, remodeling of gap junctions might represent a modulating factor. Thus, it may be speculated that such factors might contribute to the persistence of AF.
